~' Experiments were carried out to indicate whether discrete brain stimulation would alter the pain threshold in awake squirrel monkeys subjected to pain by application of stepwise increments of current to the tail. It was found that concurrent brain stimulation will either lower the pain threshold (if applied to the central tegmental tract, ventral posteromedial nuclear group, or occasionally the periaqueductal gray matter); appear to elevate the threshold (if applied to the dorsomedial nucleus) ; transiently elevate the pain threshold followed shortly by a lowered threshold (if applied to the centromedian-parafascicular complex) ; or consistently elevate the threshold (if applied to the caudate nucleus, septalpreoptic region, or medial geniculate).
KEY WORDS
pain threshold brain stimulation TTEMPTS to provide pain relief without the liabilities of a destructive surgical procedure have to date resulted in the use of electrical stimulation of the peripheral nerves and dorsal column in man. Because these methods are not applicable to a wide variety of clinical problems, we used discrete brain stimulation in an attempt to find which areas altered the pain threshold.
One of the most difficult experimental aspects in dealing with pain in a laboratory has been the lack of objective methods of assessing pain in an animal. Weitzman, et al., 2~ have devised a sophisticated behavioral technique in which the alert and constantly responding monkey adjusts the level of a noxious stimuli it will accept. In their method, the animal reduces the current strength by one notch each time it presses a lever. Our technique varied slightly in that a single lever press lowered the current to zero. We shall discuss the ethical considerations of deliberately subjecting an animal to pain after describing the details of our method.
Method
In this study we used 30 squirrel monkeys (Saimiri sciureus) of both sexes, weighing an average of 900 gm each. The animals were given sodium thiamylal anesthesia,* 0.1 cc being administered initially; 28-gauge bipolar concentric stainless steel electrodes were then implanted stereotaxically. The coordinates of the implanted structures were taken from the Gergen-MacLean atlas. 9 The electrodes were fixed to the skull with dental cement and their leads attached to a Cannon head plug. Postoperatively each animal was kept individually housed and allowed to recover from the surgery. The animals were active and showed no sequelae of surgery shortly after recovering from anesthesia.
A week after surgery the monkeys were placed in a specially designed restraining chair in an acoustically insulated booth with one-way glass mirrors. A lever was within each reach in front of the animal. Training sessions 30-to 60-min long were then conducted during which electric shock to the tail was delivered in 100 msec pulses at 60 Hz, and up to 1.0 mA of current. By pressing the microswitch lever the monkey could turn the current off. In the initial training sessions, the monkey became agitated and waved his arms about as soon as it experienced pain from the tail shock. Random arm movements soon depressed the lever, and the animal rapidly learned to correlate cessation of pain with that action. The apparatus was then adjusted to deliver incremental current to the tail over 16 steps before automatically switching off should the animal not press the lever. With a few further training sessions, the animal could reset the apparatus to zero once a particular intensity of stimulus had been reached. Should this threshold on occasion be exceeded, the animal became restless and one of its numerous random movements soon depressed the lever and stopped the noxious stimulus. These trials were repeated and the threshold noted with the animal receiving intravenous morphine. Several days later concurrent brain stimulation and tail shock were begun using AC-coupled unidirectional pulses. After establishing the day's tail-shock threshold, intracranial stimulation was delivered one side at a time to each of the areas implanted in that monkey. Electrodes were implanted in two to six of the following areas in each monkey: In areas 1 and 3, implantations were always bilateral, each side counting as one area. Each monkey had many trials of stimulation at each site, these being done on alternate days for at least 1 month, with each session lasting 60 to 90 min.
At the completion of the experiments, the animals were sacrificed with a overdose of Nembutal. Marker lesions were made through the electrodes, and the head was perfused with formalin and the brain serially sectioned. Areas containing the loci of stimulation were stained with hematoxylin and eosin, Nissl, and Kluver-Barrera techniques, and the location of the lesions plotted on charts taken from the Gergen-MacLean atlas.
Results
After 1 to 2 weeks of training, each monkey established a consistent amperage of tail shock at which he would press the lever in order to decrease the shock intensity. On several occasions in well-trained animals, the observations on tail-shock threshold were continued for several hours without intracranial stimulation in order to establish the degree of variation of that threshold. This threshold was remarkably stable and remained unchanged in spite of the time of day, the animal's prandial state, or by minor attempts to distract the monkey by manipulations near him. The entire group of monkeys maintained a threshold of current values at or below 0.3 mA (Fig. 1 ). This threshold showed an increase related to intravenous doses of morphine. Fig. 2 ) did not result in the animal showing any overt behavioral changes except for the current threshold for lever pressing. This threshold plotted during caudate stimulation at first rose in proportion to the current being delivered to the nucleus; at 1 mA it reached a new plateau (Fig. 3) . The elevation of the threshold lasted 4 to 5 min after the caudate stimulation had been stopped, with the threshold then falling below previous levels for 30 to 45 sec. A return to the pre-caudate stimulation levels then occurred.
Stimulation Sites

Medial Portions o/ the Caudate Nucleus. Stimulation at this location (
Septal-Preoptic Region.
With stimulation of the septal-preoptic region ( Fig. 2) there was a marked difference in the effects on pain threshold depending on the specific area stimulated. With implants high in the medial septum, no change in threshold occurred. However, in three monkeys with stimulation in the region of anterior commissure or preoptic area, the tail-shock threshold was consistently raised without other signs of behavioral changes. Figure 4 tions in the effectiveness of different levels of tail shock in the three monkeys. This effect lasted 1 to 2 min after brain stimulation, by which time the previous baseline had been reestablished.
Dorsomedial Nucleus.
With bilateral stimulation of the dorsomedial nucleus (DMN) of the thalamus (Fig. 5) , the animal became quite active and randomly grasped at parts of his restraints while the tail shock was being delivered. There was, however, a considerable delay before the animal would consistently perform his task. During this delay a higher than normal threshold current would be reached, suggesting that stimulation caused an elevation of this nature. However, the animal's restlessness and agitation still began at normal threshold values and was similar in quality to that of an animal in the early training phases of response to tail shock. We interpret this behavior as indicating that the stimulation of the dorsomedial nucleus interfered with the performance of a well-learned task rather than causing a difference in the threshold of pain perception.
Centromedian Parafascicular Complex.
Bilateral stimulation of the centromedian parafascicular complex (CM-Pf) with currents below 0.25 mA (Fig. 5) consistently resulted in elevations of the pain threshold up to 100%. With an increase of the intracranial current above 0.25 mA, the tail-shock threshold did not rise any higher but remained on a plateau; with continuation of the stimulus the values dropped below the previous baseline.
Ventral Posteromedial Nucleus.
Bilateral stimulation of the ventral posteromedial nucleus (VPM) (Fig. 5) at current values up to 0.2 mA (60 cps 1.0 msec) did not change the animal's behavior. At higher values the monkey became increasingly restless and pressed the lever up to 20 times per min, suggesting that the intracranial stimulation itself was disagreeable. This interpretation is supported by the fact that the animal would press the lever in response to this stimulus even in the absence of tail shock.
6. Medial Geniculate Body. The magnocellular part of the medial geniculate body (MCB) was stimulated bilaterally (Fig. 6) . The effects again depended upon the parameters used. At 60 cps 1.0 msec and up to 0.4 mA, the animal's avoidance threshold was elevated independent of behavioral changes; at higher current values the animal became increasingly restless and rapidly pressed the lever when tail shock was delivered.
Mesencephalic Central Gray Zone.
Unilateral stimulation of this region (CG) (Fig. 7) ample, stimulation of Monkey 17 at 100 to 200 cps did not affect the threshold, whereas stimulation of the same anatomical site in Monkeys 4, 27, and 29 appeared to be extremely noxious to them, causing growing restlessness beginning at 0.1 mA and increasing with a rise in current to 0.3 mA. Throughout this period of brain stimulation, the animal continuously pressed the lever even without tail shock being delivered.
Fro. 6. Anatomical localization of electrode placements in the medial geniculate body.
Mesencephalic Central Tegmental Tract.
Unilateral stimulation of the mesencephalic central tegmental tract (CTT) in the region of the superior eolliculus (Fig. 7) caused an exaggerated version of the behavior noted with stimulation of the central gray zone. In Monkeys 10, 18, 23, and 29, a 0.1 mA current altered the monkey's resting state to one of increased alertness, of looking about the box, and of searching movements with the upper extremities. As the current values became higher, an increase of heart and respiratory rates accompanied the in-Fro. 8. Monkeys 4, 16, and 17. Record of alteration in pain threshold with concurrent stimulation of the mesencephalic central tegmental tract. Current delivered in 0.1 to 1.0 msec pulses at 60 to 100 Hz. creasing restlessness. The animal then made a variety of escape attempts associated with rapid lever pressing (up to 2 to 3 per sec). Combining tail shock with stimulation within the central tegmental tract increased the responses above (Fig. 8) .
In a further attempt to achieve data that could be extrapolated to man, we tried on ourselves shocks akin to the tail shock by wrapping similar leads around one of our index fingers, delivering to it current at similar parameters. The threshold sensation we perceived was a tingling followed by burning discomfort.
Discussion
In these preliminary experiments we attempted to modify the perception of pain by discrete stimulations of the brain. A method was used that allowed an alert and constantly responding monkey to adjust the tailshock current he was receiving. We of course were acutely aware that experiments such as these required that we provoke pain in an animal. However, we thought this essential and justified if we were to assess a means of suppressing pain in man.
Our objective was to develop a test system comparable to chronic severe pain in man.
In an animal this would involve imposition of a steady maximal stimulus well above thre3hold and would thereby be more consonant with the human condition. However, motivated by humane considerations for our experimental animals, we used a test procedure that we recognized as significantly different from the human problem. Specifically, we had the animal experience a minimal noxious stimuli gradually increasing in intensity and one which it could control before the stimulus became unacceptably intense. The only time the monkey was not in control of the stimulus was during the brief initial learning phase before he associated lever pressing with control of the pain. In interpreting the data, however, we realized that the lever-pressing was the final pathway by which the pain threshold was indicated and that brain stimulation could conceivably interfere with motor performance without necessarily having any direct relationship to pain perception.
That stimulation of various levels of the nervous system can alter pain is indicated by a number of studies in man. Melzack and Wall 14 proposed a "gate control theory of pain," the central point of which is that the interneurons of the substantia gelatinosa suppress or enhance the afferent input before it reaches the central transmission cells in the dorsal horn. This interneuron has an inhibitory effect on the afferent fiber terminals, increased by activity in the fibers of large diameter and decreased by activity in those of small diameter. The relative balance of large versus small fibers controls the "gate."
In 1967, Wall and Sweet 19 published the initial observations on eight patients with chronic cutaneous pain who obtained significant relief from intermittent stimulation of large myelinated fibers of the sensory nerves; later that same year Shealy, et al., ~8 reported brief success in alleviating pain in the extremities by stimulation of the dorsal column of the spinal cord. Since that time this effect of peripheral nerve and dorsal column stimulation on alleviating clinical pain at least temporarily has been confirmed repeatedly but consistently at this and other neurosurgical centers.
The results of studies involving the perception of pain within the brain itself have been extremely variable. Low frequency cau-Alteration of pain threshold by brain stimulation date stimulation has been shown by Buchwald and HulP ,5 to inhibit performance of a learned act and increase the reaction time for the performance of a visual discrimination task by 3 to 5 times that seen in control periods. In our present experiments, low frequency caudate stimulation did raise the tail-shock threshold; the animal no longer exhibited pain-like behavior at current values that had previously evoked it. We saw no interference with the recall of complex task or a change in reaction time as described by Buchwald.
The results of septal stimulation show a species variation; there is increasing uncertainty as to the exact effect of stimulation in higher evolutionary orders. In rats, there is a decrease in the escape behavior with septal stimulation, which gradually loses its effectiveness (Routtenberg and Olds, cited by Doty~). In cats, the rate of pressing the lever will either go up or down. 7 In the monkey, both Doty and Olds found stimulation either did not affect the threshold or caused it to go down. In man, studies are reported that show a spectrum of effects with relation to pain, ranging from good relief to no effect. TM This variability was seen in our experiments and was dependent on electrode placement. Stimulations performed with electrodes high in the medial septum had no effect on the pain threshold, but as the tips were lowered into the anterior commissure and preoptic region, the pain threshold was consistently elevated. In our few experiments, these effects outlasted the septal stimulation by only 2 to 3 min, after which the pain threshold returned to previous baseline values. We did not attempt to assess whether the monkey obtained a rewarding effect from septal stimulation which would lead him to press a lever to obtain it.
Stimulation of the dorsomedial nucleus 17 causes escape behavior, confusion, and interference in the performance of the welllearned task of pressing the lever. In our study, stimulation produced an active animal, randomly grabbing at parts of the chair, but not pressing the lever until several seconds after the previous threshold current has been exceeded, even though the restlessness began at the same current level.
That the centromedian parafascicular complex is somehow al~o related to pain perception is abundantly supported in the literature 1,z,~,6,8,11,'~,16 and in our clinical experience, with lesions in this area frequently resulting in pain relief in humans? 2 Stimulation in man usually produces an unpleasant sensation, but stimulation in the squirrel monkey will initially double the tolerated current value and only at higher currents will the pain threshold drop below previous valHes.
Stimulation of the ventral posteromedial complex in man results in topographically distributed paresthesias more than in pain. This distinction is impossible to make in the monkey, but when stimulated here the monkey will start to press the lever at previously subthreshold values of tail-shock current or even without tail shock.
Most reports of tegmental stimulation state that it is uniformly noxious. 6,7 However, Melzack, et al., ~ found that bilateral lesions in the central tegrnental tract (CTT) resulted in an apparent excessive sensitivity to peripheral noxa, suggesting the presence in the midbrain of a discrete inhibitory mechanism. We stimulated the CTT and consistently found the pain threshold lowered rather than elevated.
During these experiments we have stimulated structures belonging to the limbic system (septal-preoptic region), the paleospinothalamic system (central gray zone of the mesencephalon, central tegmental tract), and the neospinothalamic system (ventrobasal thalamic nuclei) and have concluded that the effect of this stimulation on behavior probably was related to the degree of pain perception observed. A consistent elevation of the "pain threshold" was observed with stimulation of the medial part of the head of the caudate nucleus, the inferior septal-preoptic region, and magnocellular portion of the medial geniculate body. A consistent and undesirable facilitation or direct activation of pain was also noted with stimulation of the reticular formation structures (central gray, central tegmental tract). No such consistent effect was found on stimulation of the intralamina or ventrolateral thalamic nuclei. These preliminary findings that alterations can be produced in the pain threshold by discrete brain stimulation suggest a need for defining inhibitory mechanisms which may be present within the brain and which could Schmidek, Fohanno, Ervin and Sweet provide a means for nondestructive suppression of pain in man.
Summary
In this preliminary study we have investigated the possibility of nondestructive inhibition of behavior suggesting pain by stimulation within the central nervous system. The following areas when stimulated produced an increase in the pain threshold: the medial aspect of the head of the caudate nucleus, the septal preoptic region, and the magnocellular portion of the medial geniculate body.
Stimulation of the following areas consistently lowered the threshold or caused pain: the mesencephalic central tegmental tract, and the mesencephalic central gray zone.
A less readily interpretable effect on pain threshold was obtained on stimulation of the dorsomedial nucleus of thalamus, the centromedian-parafascicular complex, and the ventral posteromedial nucleus group.
Based on these preliminary observations we propose to extend our work to other intracranial and intraspinal areas by the same technique, and by single-cell microelectrode recordings to define more precisely the neural mechanisms responsible for suppression of pain in man.
